Introduction {#s1}
============

Parasitic infections account for a large proportion of the burden of disease in Kenya, with far-reaching effects on the nation\'s health and economy. Malaria, for example, represents 30--50% of all outpatient visits to health facilities, causing more than 20% of deaths in children less than 5 years old (yo) [@pntd.0001723-NMCP1]. Neglected tropical diseases such as urinary schistosomiasis are important causes of morbidity in Kenya as well. Urinary schistosomiasis is estimated to affect roughly one-quarter of the Kenyan population leading to anemia, impaired growth, development and cognition [@pntd.0001723-King1] and other adverse outcomes. The parasites that cause these diseases are co-endemic in coastal Kenya subjecting the local population to a substantial, possibly synergistic disease burden [@pntd.0001723-Ezeamama1].

Evidence exists that morbidities are likely to be compounded in individuals harboring multiple parasites, as compared to those with single infections. Co-infections with helminths and *Plasmodium* species, for example, increase various negative health effects, including organomegaly [@pntd.0001723-Wilson1], low birth weight [@pntd.0001723-Egwunyenga1], and anemia [@pntd.0001723-Brooker1], [@pntd.0001723-Brooker2]. The morbidities associated with co-infections also are likely to depend on parasite loads [@pntd.0001723-Brooker1], [@pntd.0001723-Stephenson1], [@pntd.0001723-Stoltzfus1] as seen in single-species *Plasmodium* infections [@pntd.0001723-Mackinnon1], [@pntd.0001723-Molineaux1] and *S. haematobium* infections [@pntd.0001723-Warren1]. Understanding the complexities of the pathogen-host landscape in settings endemic for multiple human parasites is essential for mitigating morbidities. Identifying interspecies associations could advance intervention by targeting efforts that have the most prevention and treatment benefits. Despite extensive research on these individual infections, surprisingly little is known about the distributions, causes and effects of co-infections (polyparasitism).

At the population level, the distribution of polyparasitism depends on risk factors for individual infections and the extent to which these factors are shared across species. Factors known to influence the distribution of single species infection with *Plasmodium* spp. and *S. haematobium* include both social and environmental conditions. Some examples include poverty, access to safe water and sanitation, access to health care, water use behaviors and use of bednets [@pntd.0001723-Bethony1]--[@pntd.0001723-Mata1]. Socioeconomic and ecologic parameters are sometimes difficult to separate as they often overlap in space. Co-infections may be spatially clustered if households are located near habitats suitable for transmission and if land use is socially and spatially patterned [@pntd.0001723-Brooker3]--[@pntd.0001723-Brooker4].

Alternatively, clustering of infections may be caused by biological synergism within the host. Evidence for this is mixed, however, with some studies showing increased susceptibility to clinical malaria in persons with helminth infection [@pntd.0001723-Nacher1], [@pntd.0001723-Nacher2], some showing protective effects of helminth infections [@pntd.0001723-Spiegel1] and others finding no effect [@pntd.0001723-Bejon1], [@pntd.0001723-Degarege1].

To improve understanding of causes and effects of polyparasitism, we undertook studies of infection by *Plasmodium* spp., and *Schistosoma haematobium* among members of a community in coastal south-eastern Kenya. The specific research objectives were to describe the prevalence and intensity of single and multiple species infections, identify individual and household-level correlates of single and multiple infections, and determine associations between infection prevalence and intensities after controlling for contextual effects.

Methods {#s2}
=======

Study site and population {#s2a}
-------------------------

For this cross-sectional study, a complete demographical profile of Kingwede, a rural village in coastal Kenya located ∼50 km southwest of Mombasa (see map, [Figure 1](#pntd-0001723-g001){ref-type="fig"}), was compiled in December 2005. Trained interviewers identified every house in the study area and collected information (sex, age, relationship to household head, and years of residence) on each person who slept in that house the previous night. Subsequently, every individual ≥8 years old (yo) was invited to participate in the study during May through July 2006.

![Map of study location.\
The location of Kingwede Village, 50 km southwest of Mombasa, in Coast Province, Kenya Inset shows the distribution of village households in relation to the main local stream and the highway to Mombasa.](pntd.0001723.g001){#pntd-0001723-g001}

Kingwede residents are predominantly subsistence farmers and fishermen of the Digo tribe. Electricity and access to piped water are virtually nonexistent in the village. Pumped, potable water is available at 8 locations in the village. A seasonal stream and ponds are used for washing clothes, bathing and swimming. The study site is bordered on the northwest by the paved road to Tanzania, on the southeast by the Indian Ocean (3 km) and comprises a ∼6 sq. km area.

Parasitological diagnosis and clinical information {#s2b}
--------------------------------------------------

Participants were asked to provide a midday urine sample on two consecutive days and one finger-prick blood sample. Presence of *S. haematobium* eggs was determined by microscopic examination of filtered midday urine. Two 10 ml aliquots of each stirred urine sample were filtered using 12-µm pore Nucleopore filters (Nucleopore, Pleasanton, CA) and mounted on microscope slides for examination [@pntd.0001723-Peters1]. Positive *S. haematobium* samples were defined as having ≥1 egg in at least one of the two samples.

Finger-prick blood (∼200 µL) that had been collected in potassium ethylene- diaminetetraacetic acid (K-EDTA)-coated Vacutainer tubes and stored at −20°C was further evaluated for presence and quantity of circulating parasites at Case Western Reserve University in Cleveland, OH. *Plasmodium* spp. was detected in these preparations using polymerase chain reaction/ligase detection reaction fluorescent microsphere-based assay (PCR/LDR-FMA) as previously described [@pntd.0001723-Mehlotra1]--[@pntd.0001723-McNamara2]. Briefly, DNA was extracted, amplified and added to a multiplex, species-specific ligase detection reaction (LDR) where species-specific primers hybridized to target sequences and were subsequently labeled with oligonucleotide probes with fluorescent capacity. A Bio-Plex array reader (Bio-Rad Laboratories, Hercules, CA) was used for detection of fluorescence in a species-specific manner. Samples were considered positive if they had a median fluorescent intensity (MFI)\>2 standard deviations above those of negative controls (MFI above 205, 260, or 220 for *P. falciparum* (Pf), *P. malariae* (Pm) and *P. ovale* (Po), respectively). Of note, no *Plasmodium vivax* infection was detected in this study.

Individual and Household Questionnaires {#s2c}
---------------------------------------

Once biological measures were obtained, trained interviewers conducted questionnaires with all willing participants. Different questionnaires were used for adults and for children. These questionnaires included queries aimed at assessing effect modifiers or confounders for infection status, including socio-economic position (SEP), knowledge, attitudes and practices (KAP) regarding malaria and schistosomiasis, mosquito avoidance behaviors, and water contact patterns. Household-level information (e.g. ownership of assets) was extracted from questionnaire responses of the household head or most senior household member, and was applied to other household members in analyses. All questionnaire data relied on self-reporting by participants or head-of-household responses. Other household-level information was collected by the interviewers who observed house quality (e.g. roofing and construction material, presence of window screens, etc.).

Spatial data {#s2d}
------------

The location of each house entrance (latitude, longitude) was measured using a handheld GPS device (Garmin eTrex Summit, Olathe, KS). A 1 km resolution IKONOS image of the study area was obtained from GeoEye ([www.geoeye.com](http://www.geoeye.com), Dulles, VA) for use in spatial and environmental analyses. ArcGIS v. 9.1 (ESRI, Redlands, CA, USA) was used to create spatial variables such as Euclidean distances from each house to water sources.

Ethics {#s2e}
------

Following standard participant recruitment procedure used by other researchers in this area, prior to the community-wide parasitological survey, awareness of the study aims, risk, and potential benefits was raised through meetings with district and village leaders. These were followed by community-based, village-wide information meetings addressing concerns and questions. A village-wide demographic survey was then conducted to enumerate and code houses, and establish the age, sex, and number of individuals in each household. Written informed consent was obtained from adults and child assent accompanied by written parental consent was obtained for each child for participation in the parasitological survey and before administration of questionnaires. Approval for this study was granted by the University of Michigan Institutional Review Board (IRB\# H05-00008982-I) and the Ethical Review Committee of the Kenya Medical Research Institute (KEMRI).

Variable Management and Statistical Methods {#s2f}
-------------------------------------------

Intensity of infection was defined as arithmetic mean eggs per 10 mL of the replicate urine filtrations for *S. haematobium*. For *Plasmodium* spp. infections, a standardized measure of MFI was created. All values below the aforementioned cut-off values were set to zero. Subsequently, the MFI were divided by the maximum observed value for a range of 0 to 1. This method was used separately for each *Plasmodium* species. A summed value was then created to represent burden of any *Plasmodium* species. The same method was used to create standardized *S. haematobium* intensity scores. Ordered categorical variables also were created based on the density distribution of each parasite. Intensities of each infection were divided into five, approximately equal categories based on natural cut-points in the distributions (0--4; no infection to heaviest). Finally, binary variables were created to define heavy infections as follows: *S. haematobium* ≥100 eggs per 10 mL urine [@pntd.0001723-Warren1], [@pntd.0001723-Warren2] (15% of individuals testing positive for *S. haematobium*); and *Plasmodium* spp. ≥0.55 standardized score (selected to include the two most heavily infected categories representing 26.9% of *Plasmodium*-infected individuals).

All data were double entered in Microsoft Access and analyzed using SAS 9.1 (SAS Institute, Inc., Cary, NC) and SPSS (v. 20, IBM SPSS, New York, NY) software. The outcome of co-infection was defined in several different ways for these analyses: A binary variable (Y/N) for *Plasmodium* spp. - *S. haematobium* co-infection was used to identify important covariates; a multinomial variable (no infection, *S. haematobium* only, *Plasmodium* spp. only, *S. haematobium* and *Plasmodium* spp.) was used to examine associations between parasites. For analyses of infection intensity outcome, variables included heavy *Plasmodium* spp. infection (Y/N) and heavy *S. haematobium* infection (Y/N). Covariates of primary interest in these analyses were age, sex, knowledge of malaria (MKAP), knowledge of schistosomiasis (SKAP), individual educational attainment, regular income (Y/N), use of bednets (Y/N), night outdoor activities, water contact behaviors, and recent malaria diagnosis. Household-level variables included household socio-economic position (SEP) and distance to the local stream. KAP questions (N = 3 for both malaria and schistosomiasis) were used to create a scale (0--3) for each infection based on the number of correct responses. Individual educational attainment was measured by highest class completed. Five categories of educational status were created based on quintiles of distributions. Education was ignored in subsequent analyses due to co-linearity with age in this study population. Bed net use was treated as a binary variable and did not distinguish between treated and untreated nets. A binary variable was created to measure effective treatment of malaria with medication in the past month. Water contact behaviors were assessed by combining responses to questionnaire data such that participants reporting swimming, fishing, bathing, washing dishes or washing clothes in water sources potentially infected with *S. haematobium* were considered exposed. Household SEP was assessed with an asset index constructed using principal components analysis of questionnaire responses [@pntd.0001723-Filmer1], [@pntd.0001723-Gwatkin1]. Assets measured include electricity, radio, television, bicycle, motor vehicle, land ownership, domestic animals and toilet. The score also included information on crowding, quality of house construction, and numbers of full and part time workers in a household. Missing data necessary for construction of the household SEP score were first imputed using the IVEware (Imputation and variance estimation software) SAS macro [@pntd.0001723-Raghunathan1]. Each individual was assigned an SEP score corresponding to their household and this household SEP score was treated as a continuous variable.

General estimating equation (GEE) models with exchangeable correlation matrix structures and logistic distributions were used to estimate the association between odds of infection, both single and co-infection, and other social and environmental variables. Each infection outcome was assessed separately, thus in models of *Plasmodium* infection the referent group was individuals without *Plasmodium* infection regardless of *S. haematobium* infection status, and vice versa. In models of co-infection the referent group was individuals with single infections or no infections. This analytic approach accounts for household clustering in the data and estimates fixed effects of variables averaged across households. To identify individual and household-level variables associated with polyparasitism, all individual and household-level variables significantly associated with co-infection at α = 0.1 were included in multiple logistic GEE models. Although GEE models can be written for multinomial distributions using SAS 9.1, these models only accommodate ordinal outcome variables; thus associations with covariates assume a stepwise relationship between the infection categories. For simplicity in interpreting findings, we employed logistic GEE models for this section of the analyses. Backward elimination, in which the least significant effect as identified by Wald tests is removed from the model stepwise, was then used to select models best predicting the outcomes. Datasets for this analysis were limited to include only participants with complete biological and questionnaire data devoid of any missing responses. Continuous variables were centered on the grand mean.

Intensity of infection variables were similarly identified using logistic GEE models. In this case, models were restricted to infected individuals using a binary outcome of heavy versus light infection for each parasite and for co-infection. This was done in order to isolate factors related to the quantity of parasites an individual might carry from those influencing whether or not infection occurs.

To identify synergy or antagonism between infections, potential confounders, identified in the logistic GEE models of co-infection previously described, were included in multinomial GEE models. The outcome variable in these models was infection status with four potential values: 0 = uninfected; 1 = only *S. haematobium*; 2 = only *Plasmodium* spp.; 3 = co-infected. Co-infection was set as the referent category. Associations were considered significant at an α = 0.05 for the Type 3 likelihood ratio test of the co-infection regression coefficient in the full model, controlling for all other variables.

To examine associations between intense infections of the two species, logistic GEE models of heavy single infections included a variable for the intensity of the second infection, treated as an independent, ordered categorical variable (standardized intensity score) with 5 categories (0 to 4). These analyses were restricted to infected individuals.

Results {#s3}
=======

Characteristics of the study population {#s3a}
---------------------------------------

A total of 1,854 persons 8 years of age and older from 460 households was identified in the study area. Approximately half (935) of the eligible individuals, representing 310 different households, agreed to participate in the study by consenting to contribute samples and answer questions. The proportions of the eligible population contributing parasitological samples for each infection and those contributing questionnaire data varied ([Figure 2](#pntd-0001723-g002){ref-type="fig"}). Complete parasitological and at least partial questionnaire data were received for 766 (41.3%) individuals from 252 (54.8%) households. By further restricting the dataset to those with no missing questionnaire responses for the variables needed in subsequent analyses 561 persons from 226 households remained. This study population represented the total eligible population in its age distribution but adult males were underrepresented (30.8% of participating adults were male, 47.1% of the eligible adult population was male). Non-participants were not otherwise significantly different from participants in terms of age or household size, nor were the participant households significantly clustered within the village (data not shown).

![Selection of study population.\
A schema of the selection process for the study: the total population of Kingwede, the number who were tested for each parasite, and the number who completed questionnaires. The final dataset was comprised of individuals tested for both *Plasmodium* spp. and *S. haematobium* with no missing questionnaire data. (Abbreviation: HH = households).](pntd.0001723.g002){#pntd-0001723-g002}

When the study population was stratified by age, characteristics of children (8 to 17 yo) differed greatly from those of adults ([Table 1](#pntd-0001723-t001){ref-type="table"}). Adults had higher malaria and schistosomiasis KAP scores than did children, with more adults reporting a regular income, using bednets and going outside at night. Since only a few children reported having a regular income, this variable was not used in subsequent child analyses. Children were more likely than adults to report water contact with potentially infected water sources. Recent consumption of antimalarials was similar between children and adults, as were household SEP scores and distances of households to the local stream.

10.1371/journal.pntd.0001723.t001

###### Age-stratified characteristics of the study population.

![](pntd.0001723.t001){#pntd-0001723-t001-1}

  Social and Demographic Characteristics    Overall (n = 561)[†](#nt101){ref-type="table-fn"}   Children (n = 223)[†](#nt101){ref-type="table-fn"}   Adults (n = 338)[†](#nt101){ref-type="table-fn"}   Odds Ratio[\*](#nt102){ref-type="table-fn"} (children/adults)     95% CI      p-value
  ---------------------------------------- --------------------------------------------------- ---------------------------------------------------- -------------------------------------------------- --------------------------------------------------------------- ------------- ----------
  Age (years)                                                  28.7 (18.3)                                          12.1 (2.7)                                         39.6 (15.8)                                                   --                                     --           --
  Male                                                            38.5                                                 50.2                                                30.8                                                     2.32                                1.69--3.20    \<0.0001
  Bed net use                                                     55.1                                                 48.0                                                59.8                                                     0.62                                0.45--0.84     0.002
  Recent antimalarial treatment                                   59.7                                                 56.5                                                61.8                                                     0.81                                0.57--1.15     0.2325
  Outdoor night activity                                          67.9                                                 49.8                                                79.9                                                     0.25                                0.17--0.36    \<0.0001
  Malaria KAP (0--3)                                            2.5 (0.8)                                          2.19 (1.01)                                         2.77 (0.55)                                                  0.56                                0.48--0.65    \<0.0001
  Schistosomiasis KAP (0--3)                                    1.8 (1.2)                                          1.35 (1.22)                                         2.12 (1.04)                                                  0.46                                0.38--0.56    \<0.0001
  Water contact                                                   41.4                                                 49.3                                                36.1                                                     1.71                                1.19--2.45     0.0036
  Regular income                                                  51.8                                                 1.79                                                84.9                                                     0.003                               0.001--0.01   \<0.0001
  Household SEP score (−1.4--4.1)                              0.14 (1.05)                                         0.19 (1.06)                                         0.11 (1.04)                                                  1.09                                0.92--1.28     0.3172
  Household distance to stream (km)                            0.66 (0.40)                                         0.69 (0.37)                                         0.64 (0.41)                                                  1.04                                0.98--1.11     0.1957
  **Infection Characteristics**                                                                                                                                                                                                                                                      
  *Plasmodium* spp. (P)                                           50.4                                                 75.3                                                34.0                                                     6.56                                4.40--9.78    \<0.0001
  *S. haematobium* (S)                                            25.0                                                 40.8                                                14.5                                                     4.09                                2.77--6.04    \<0.0001
  P-S Co-infection                                                15.7                                                 31.8                                                5.0                                                      9.28                                5.29--16.27   \<0.0001
  Heavy *Plasmodium* spp.(in positives)                           26.9                                                 36.3                                                13.0                                                     3.79                                1.97--7.29    \<0.0001
  Heavy *S. haematobium* (in positives)                           15.0                                                 15.4                                                14.3                                                     1.11                                0.45--2.76     0.8249

**†:** Percent of study population reporting characteristic for dichotomous variables and mean (standard deviation) for continuous variables.

**\*:** Odds Ratios compare the odds of each social/demographic or infection characteristic among children, as compared to corresponding odds among adults.

Infection prevalence {#s3b}
--------------------

This population experienced high prevalence of infection by both parasites, with over 75% of participating children carrying *Plasmodium* spp. and over 40% harboring *S. haematobium* ([Table 1](#pntd-0001723-t001){ref-type="table"}). Co-infection was seen in 31.8% of children. In adults, infection prevalences were somewhat lower, with 34%, 14.5% and 5% carrying *Plasmodium*, *S. haematobium* and co-infection, respectively.

Children were 6.6 times more likely than adults to be infected with *Plasmodium* spp. (95% C.I. = 4.40--9.78), 4.1 times more likely to have *S. haematobium* (95% C.I. = 2.77--6.04) and 9.3 times more likely to carry *Plasmodium-S. haematobium* co-infections (95% C.I. = 5.29--16.27). Age trends in single and multiple infection prevalences are illustrated in [Figure 3](#pntd-0001723-g003){ref-type="fig"}.

![Distribution of infection prevalence and intensity by age category.\
The percentage of study participants (n = 561) testing positive for *Plasmodium* spp. infection, *S. haematobium* infection and co-infection. The percentage with heavy infections (as defined in the [methods](#s2){ref-type="sec"} section) is also shown.](pntd.0001723.g003){#pntd-0001723-g003}

Correlates of co-infection also differed between children and adults ([Tables 2](#pntd-0001723-t002){ref-type="table"} and [3](#pntd-0001723-t003){ref-type="table"}). In children, the odds of co-infection with *Plasmodium* spp. and *S. haematobium* were lower for those using bednets, engaged in outdoor activities at night, and living farther from the stream, yet higher in those who reported potentially risky water contact. In adults, co-infection odds decreased with age and with increasing household SEP.

10.1371/journal.pntd.0001723.t002

###### Logistic GEE models of *Plasmodium* spp., *S. haematobium* and co-infection in children aged 8--17 (n = 223).

![](pntd.0001723.t002){#pntd-0001723-t002-2}

  Independent Variables               *Plasmodium* spp.[\*](#nt105){ref-type="table-fn"}   *S. haematobium* [‡](#nt106){ref-type="table-fn"}   Co-infection[¥](#nt107){ref-type="table-fn"}
  ---------------------------------- ---------------------------------------------------- --------------------------------------------------- ----------------------------------------------
  **Bed net use**                                                                                                                                           0.58 (0.32--1.03)
  **Outdoor night activity**                          0.55 (0.29--1.03)                                                                                   **0.55 (0.31--0.99)**
  **Schistosomiasis KAP**                                                                                **0.74 (0.58--0.95)**                
  **Water contact**                                                                                      **2.12 (1.14--3.94)**                              1.71 (0.95--3.08)
  **Household SEP**                                   0.76 (0.54--1.05)                                                                       
  **Household distance to stream**                                                                       **0.36 (0.15--0.84)**                            **0.32 (0.13--0.82)**

Values in the table represent odds ratios and 95% confidence intervals associated with each independent variable controlling for the other variables in the model. **Bold font** indicates a significant adjusted OR. Models were derived by stepwise elimination of the least significant correlates as identified by Wald test criteria. Original correlates also included grand mean-centered age, sex, recent malaria treatment, malaria knowledge, attitudes and practices, *S. haematobium* infection (in the *Plasmodium* spp. model), and *Plasmodium* spp. infection (in the *S. haematobium* model).

Abbreviations: KAP = knowledge, attitudes and practices; SEP = socio-economic position.

**\*:** Referent group is children without *Plasmodium* spp. infection.

**‡:** Referent group is children without *S. haematobium* infection.

**¥:** Referent group is children with only *Plasmodium* spp. infection, with only *S. haematobium* infection or with no infection.

10.1371/journal.pntd.0001723.t003

###### Logistic GEE models of *Plasmodium spp.*, *S. haematobium* and co-infection in adults aged 18--86 (n = 338).

![](pntd.0001723.t003){#pntd-0001723-t003-3}

  Independent Variables                       *Plasmodium spp.* [\*](#nt111){ref-type="table-fn"}   *S. haematobium* [‡](#nt112){ref-type="table-fn"}   Co-infection[¥](#nt113){ref-type="table-fn"}
  ------------------------------------------ ----------------------------------------------------- --------------------------------------------------- ----------------------------------------------
  **Age** [†](#nt110){ref-type="table-fn"}                   **0.98 (0.96--0.99)**                                **0.93 (0.91--0.96)**                            **0.89 (0.82--0.97)**
  **Recent malaria treatment**                               **0.56 (0.35--0.91)**                                                                     
  **Malaria KAP**                                            **0.50 (0.33--0.76)**                                                                     
  **Water contact**                                                                                               **0.47 (0.24--0.90)**                
  **Household SEP**                                          **0.70 (0.55--0.90)**                                                                                   0.61 (0.36--1.01)

Values in the table represent odds ratios and 95% confidence intervals associated with each independent variable controlling for the other variables in the model. **Bold font** indicates a significant adjusted OR. Models were derived by stepwise elimination of the least significant correlates as identified by Wald test criteria. Original correlates also included bed net use, outdoor night activity, schistosomiasis knowledge, attitudes and practices, regular income, household distance to a stream, *S. haematobium* infection (in the *Plasmodium* spp. model), and *Plasmodium* spp. infection (in the *S. haematobium* model).

Abbreviations: KAP SEP = socio-economic position.

**†:** Grand mean centered among adults included in this analysis.

**\*:** Referent group is adults without *Plasmodium* spp. infection.

**‡:** Referent group is adults without *S. haematobium* infection.

**¥:** Referent group is adults with only *Plasmodium* spp. infection, with only *S. haematobium* infection or with no infection.

Infection Intensities {#s3c}
---------------------

Among participants infected with *Plasmodium* parasites, over a quarter carried heavy infections ([Table 1](#pntd-0001723-t001){ref-type="table"}). Fifteen percent of participants with *S. haematobium* infections were heavily infected (100 eggs/10 mL). As with infection prevalence, the intensity of infection was much heavier in children than in adults (*Plasmodium* spp. (OR = 8.09, 95% C.I. = 4.41--14.81); *S. haematobium* OR = 3.11, 95% C.I. = 1.31--7.39). After restricting analyses to infected individuals, children were still more likely than adults to harbor heavy *Plasmodium* spp. infections (OR = 3.79, 95% C.I. = 1.97--7.29) whereas this was not the case for *S. haematobium* ([Table 1](#pntd-0001723-t001){ref-type="table"}).

Co-Infection Associations {#s3d}
-------------------------

Simple regression analyses indicated that odds of *Plasmodium* spp. infection were higher in individuals infected with *S. haematobium* compared to those without (OR = 1.97, 95% C.I. = 1.34--2.89). Multivariable, multinomial logistic models confirmed this association even after adjustment for shared contextual variables among children, but this association was not seen in adults ([Table 4](#pntd-0001723-t004){ref-type="table"}). Children were less likely to carry single *S. haematobium* infections than to be co-infected with both parasites (OR = 0.60, 95% C.I. = 0.39--0.93). Similarly, the significant association between the intensity of *Plasmodium* spp. infection and *S. haematobium* infection observed in simple regression analyses (OR = 3.15, 95% C.I. = 1.26--7.89) persisted after adjustment for confounders in children; as noted in [Table 5](#pntd-0001723-t005){ref-type="table"}, children with heavy *Plasmodium* infection were more likely than those with light infection to have concomitant heavy *S. haematobium* infection, controlling for relevant covariates (OR = 1.39, 95% C.I. = 0.99--1.97). No evidence of association in odds or intensities of these infections was seen in adults ([Tables 4](#pntd-0001723-t004){ref-type="table"} and [5](#pntd-0001723-t005){ref-type="table"}).

10.1371/journal.pntd.0001723.t004

###### Multinomial odds of single infection or no infection, compared to co-infection in children and adults.

![](pntd.0001723.t004){#pntd-0001723-t004-4}

  Infection Status                  Children (8--17 years, n = 223)[\*](#nt115){ref-type="table-fn"}   Adults (18+, n = 338)[\*](#nt115){ref-type="table-fn"}
  -------------------------------- ------------------------------------------------------------------ --------------------------------------------------------
  **Co-infection**                                                Ref                                                           Ref
  ***S. haematobium*** **only**                          **0.60 (0.39--0.93)**                                           1.33 (0.75--2.35)
  ***Plasmodium*** **spp. only**                         **1.79 (1.32--2.44)**                                         **4.81 (3.01--7.68)**
  **Neither infection**                                    0.83 (0.57--1.21)                                           **9.35 (5.96--14.66)**

Values in the table represent odds ratios (and 95% confidence intervals) for infection status other than malaria-*Schistosoma* co-infection, controlling for the other variables in the multinomial model. **Bold font** indicates a significant adjusted OR.

**\*:** Controlling for water contact, night activity, bed net use, and household distance to water.

10.1371/journal.pntd.0001723.t005

###### Age-stratified adjusted odds of heavy *Plasmodium* spp. infection compared to light infections among infected individuals.

![](pntd.0001723.t005){#pntd-0001723-t005-5}

                                                                         Heavy *Plasmodium* spp.  
  --------------------------------------------------------------------- ------------------------- -----------------------
  **Bed net use**                                                           1.75 (0.92--3.34)     
  **Night activity**                                                                               **0.26 (0.08--0.93)**
  **Household distance to stream**                                                                   0.27 (0.07--1.02)
  ***S. haematobium*** **intensity** [‡](#nt117){ref-type="table-fn"}       1.39 (0.99--1.97)     

Values within the table represent OR and 95% CI. **Bold font** indicates a significant adjusted OR. Models were derived by stepwise elimination of the least significant correlates variables as identified by Wald test criteria. Original correlates also included grand mean centered age among relevant population (children or adults), sex, recent malaria treatment, malaria knowledge, attitudes and practices, regular income (for adults model only), and household socio-economic position.

**‡:** Ordinal variable with values 0--4 representing increasing intensity. Categories based on distribution of infection intensities in the study population.

Discussion {#s4}
==========

[Results](#s3){ref-type="sec"} of this study reveal several key findings. Participating Kingwede residents had high prevalence of infection with *S. haematobium* and *Plasmodium* spp. parasites. Co-infection was also common and was associated with both individual- and household-level factors including young age and low socio-economic position. Interestingly, co-infection was more common than single *S. haematobium* infection in children, after controlling for other variables. Similarly, intense infections with both parasites appeared to cluster in a subset of children.

While non-participation may have biased some of estimates of association, we believe that because individual per-household participation was reasonably good (62%), our investigation illustrates the importance of context in studies of infectious diseases. We found that contextual factors (household SEP) contributed significantly to variation in an individual\'s parasite infection profile, including, for children, proximity to the main local water source. These findings compare with other studies of single-species infection studies in which risk of malaria and schistosomiasis was higher in households proximate to water bodies [@pntd.0001723-Cano1]--[@pntd.0001723-Booth1] and are in accord with those that associate these infections with lower SEP [@pntd.0001723-Malaney1]--[@pntd.0001723-Sachs1]. Our results also support recent efforts to reconsider broader social and ecological contexts in studies of infectious diseases in lieu of traditional biomedical models [@pntd.0001723-DiezRoux1]. Finally, the identification of risk factors common to infection by both parasites argues for a broader, integrated approach to control and prevention [@pntd.0001723-Mwangi1] and suggests potential targets for these efforts.

Aside from contextual variables, age was found to be the most important shared risk factor of infection, with both higher prevalence and higher intensity of single and concomitant infection in school-aged children as compared to adults. The observed negative associations between age and co-infection are consistent with other published reports from endemic regions on clinical malaria [@pntd.0001723-Snow1] and *S. haematobium* infection [@pntd.0001723-Bundy1]. Higher prevalence at younger ages is likely due to immunological naïveté governing susceptibility to both infections [@pntd.0001723-Hviid1]--[@pntd.0001723-Etard1], a variable which was not measured in this study. The strength and consistency of the age effect on infection led to stratification of all analyses, with separate models for children and for adults. Our results support current trends in disease prevention and treatment efforts focusing on school-aged children. A key caveat may be that the many asymptomatic *Plasmodium* spp. infections in adults could be an important source for continued transmission to children and should therefore not be ignored in intervention efforts.

Age-stratified, multivariable logistic GEE analyses of *Plasmodium* spp. and *S. haematobium* prevalence revealed no evidence of positive association between two parasites for the combined *presence* of infection (measured as we did, by PCR and urine filtration) after adjustment for relevant SEP, behavioral and environmental variables ([Tables 2](#pntd-0001723-t002){ref-type="table"} and [3](#pntd-0001723-t003){ref-type="table"}). The apparent lack of association between these two parasite species using prevalence data has been supported by previous research [@pntd.0001723-Ashford1] and could be explained by dissimilar risk factors, distributions, and modes of transmission for the two infections. Comparability of our results with those of other malaria-helminth polyparasitism studies is limited by differences in outcome measures (asymptomatic infection vs. clinical disease) [@pntd.0001723-Shapiro1]--[@pntd.0001723-Kabatereine1] and helminth species of interest (most other co-infection studies investigate a variety of soil-transmitted helminth (STH) species rather than *S. haematobium*) [@pntd.0001723-Mwangi1]. However, our cross-sectional design may have limited our estimation of continuing infection risk, particularly for malaria, given annual weather related fluctuations in exposure.

In analyses of infection intensities, positive associations were observed between the *intensities* of the two parasites among co-infected children ([Tables 5](#pntd-0001723-t005){ref-type="table"} and [6](#pntd-0001723-t006){ref-type="table"}), thus highlighting the importance of host factors in determining parasite loads, and also suggesting a synergistic relationship. Although some studies have reported antagonistic relationships between these parasites (i.e. lower *P. falciparum* intensities in children harboring light *S. haematobium* infections vis-à-vis those not co-infected [@pntd.0001723-Briand1], [@pntd.0001723-Lyke1]), many other investigations support our findings (reviewed in [@pntd.0001723-Druilhe1]). The potential of a synergistic relationship between these parasites is important from a clinical perspective, as well as epidemiologically. Clinically, the morbidity associated with co-infection is likely to depend on parasite loads [@pntd.0001723-Brooker1], [@pntd.0001723-Stephenson1], [@pntd.0001723-Stoltzfus1] as seen in single-species *Plasmodium* infections [@pntd.0001723-Mackinnon1], [@pntd.0001723-Molineaux1] and *S. haematobium* infections [@pntd.0001723-Warren1]. If heavy infections cluster in a subset of individuals, as suggested by our results, identification and targeting of this subset for multi-disease prevention and treatment interventions could be highly cost effective in that it would serve to reduce overall pathogen burdens.

10.1371/journal.pntd.0001723.t006

###### Age-stratified adjusted odds of heavy *S. haematobium* infections compared to light infections among infected individuals.

![](pntd.0001723.t006){#pntd-0001723-t006-6}

                                                                          Heavy *S. haematobium*  
  ---------------------------------------------------------------------- ------------------------ --------------------
  **Age** [†](#nt120){ref-type="table-fn"}                                                         0.96 (0.87--1.06)
  **Male**                                                                                         4.19 (0.53--33.48)
  **Bed net use**                                                         **0.14 (0.03--0.61)**            --
  **Schistosomiasis KAP**                                                                          0.70 (0.31--1.58)
  **Water contact**                                                                                0.59 (0.09--3.98)
  **Household SEP**                                                       **1.97 (1.37--2.85)**    0.87 (0.30--2.55)
  **Household distance to stream**                                        **0.04 (0.01--0.17)**    2.11 (0.73--6.04)
  ***Plasmodium*** **spp. intensity** [‡](#nt121){ref-type="table-fn"}    **1.74 (1.01--3.00)**    1.05 (0.36--3.06)

Values within the table represent OR and 95% CI. **Bold font** indicates a significant adjusted OR. Models were derived by stepwise elimination of the least significant correlates as identified by Wald test criteria. Original correlates also included recent malaria treatment and night activity (in children). Bed net use was not included in the adult model.

Abbreviations: KAP = knowledge, attitudes and practices; SEP = socio-economic position.

**†:** Grand mean centered among relevant population (children or adults) included in this analysis.

**‡:** Ordinal variable with values 0--4 representing increasing intensity. Categories based on distribution of infection intensities in the study population.

We hypothesize that immunological parameters, unmeasured in this study, are partially responsible for the observed positive association between parasite intensities. In that case, an improved understanding of the complex immunological milieu governing infection profiles would be needed to evaluate this possibility. Failure to differentiate between co-infection and co-morbidity outcomes has confounded discussion of results from other similar studies. To illustrate, data suggest that *P. falciparum* may protect against *S. haematobium* infection by promoting protective antibody development, but *Plasmodium* infection can also increase inflammatory factors associated with morbidity [@pntd.0001723-Remoue1], [@pntd.0001723-Hartgers1].

It is also possible that seasonal or climatic variations or other unmeasured variables influenced our results. This study was cross-sectional, thus natural temporal variations in infection prevalence and intensity were not considered. Due to limited resources, we did not control for other infections such as STH or HIV that could affect susceptibility to, or intensity of *Plasmodium* spp. or *S. haematobium* infections. Concomitant infections also could have effects on host immune response, thereby influencing *S. haematobium*-*Plasmodium* spp. associations. Although STH are likely to be ubiquitous, *S. mansoni* is not endemic to this region and HIV rates are fairly low (7% prevalence in rural Kenya and 7.9% prevalence in Coast Province overall [@pntd.0001723-KMH1]), suggesting that confounding likely was minimal. Genetic factors and nutritional status represent other potentially important unmeasured confounders. Our use of marginal models should have accounted for or attenuated any genetic effects shared within families by assessing clustering of individuals within households. Furthermore, another study of *S. haematobium* from the same geographic region concluded that heritability in host susceptibility is low and unlikely to play a major role in determining individual risk for infection [@pntd.0001723-King2]. Potential confounding effects of nutritional status should not be large assuming similar access to nutrition within households. This also should have been partially accounted for by the inclusion of household SEP variables in analyses. Of particular note, in our study, outdoor night-time activity was associated with *lower* odds of co-infection or malaria infection among children, and with reduced odds of heavy *Plasmodium* infection in adults. This finding may be related to the endophilic feeding preference of anophelines within houses, with reduced risk among those who are out of the house for part of the night.

Future research on the epidemiology of polyparasitism could benefit from the inclusion of several key parameters not fully evaluated in this study: i) A wider range of spatial and temporal scales and study sites could reduce potential chance associations and improve understanding of the climatic, seasonal and environmental factors that influence parasite distributions and interactions; ii) Malaria investigations would greatly benefit from more sensitive, standardized diagnostic tools for quantification of species-specific *Plasmodium* parasites. Although work of other researchers has shown good correlation between median fluorescent intensity (MFI) values and parasitemia, the relationship between the two is not linear toward the upper and lower limits [@pntd.0001723-McNamara2], [@pntd.0001723-Kasehagen1], [@pntd.0001723-Mueller1]. Validation of our use of MFI as a quantitative measure is needed; iii) finally, in order to fully understand the implications of observed associations between parasitic species in human hosts, a better understanding is needed of relevant immunological mechanisms [@pntd.0001723-Mwangi1], [@pntd.0001723-Druilhe1], [@pntd.0001723-Douradinha1]. However, the need for improved scientific knowledge about the biology, and epidemiology of polyparasitism should not take precedence over what is already known; parasites cause significant morbidity and more accessible, effective treatment and prevention is urgently required.
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